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The  role  of  liquid  Sn  in  a  direct  carbon  fuel  cell  with  a  Ni-yttria-stabilized  zirconia  (YSZ)  cermet  anode 
is  investigated  in  terms  of  enhancing  the  solid  fuel-to-solid  anode  interface  and  intrinsic  electrocatalytic 
activity.  Sn-mixed  carbon  black  particles  undergo  a  transformation  from  solid  to  liquid  phase  as  the  cell 
temperature  rises,  thereby  leading  to  the  formation  of  more  favorable  interface  between  carbon  fuels, 
liquid  Sn,  and  Ni-YSZ  anodes.  Moreover,  additional  Ni-impregnated  Sn-carbon  fuels  show  that  further 
improvements  in  cell  performance  can  be  achieved  by  increasing  the  oxidation  of  carbon  to  CO.  As  a 
result,  we  observe  a  maximum  power  density  of  60.5  and  105mWcnrr2  at  900  °C  by  using  Sn-carbon 
and  Ni-Sn-carbon  fuels,  respectively. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Coal  is  the  most  abundant  and  widely  distributed  fossil  fuel, 
is  second  in  terms  of  being  a  primary  energy  source  (with  27%  of 
world  demand),  and  is  a  major  source  of  electricity  generation  by 
thermal  power  plants  (41%,  globally)  [1,2].  Therefore,  significant 
improvements  in  the  coal  fuel  conversion  and  utilization  efficien¬ 
cies  of  power  generation  systems  are  needed  in  order  to  reduce 
the  possible  problem  of  global  warming.  In  an  attempt  to  resolve 
this  matter,  direct  carbon  fuel  cells  (DCFCs)  are  a  promising  novel 
electrochemical  power  source  for  central  plants  and  even  portable 
applications  [3-5].  DCFCs  can  convert  chemical  energy  directly 
into  electric  energy  and  thereby  utilize  various  types  of  carbon 
sources;  these  sources  can  be  derived  from  coal,  coke,  natural  gas, 
petroleum,  refining  by-products,  and  even  biomass.  The  overall 
cell  reaction  in  DCFCs  is  the  electrochemical  oxidation  of  carbon 
to  carbon  dioxide  (C02): 

C  +  02^  C02  E°  =  1.02  V  (1) 
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In  the  19th  century,  the  development  of  an  electrochemical  sys¬ 
tem  and  a  demonstration  of  generating  electricity  via  DCFCs  were 
first  attempted  [6,7].  At  present,  DCFCs  can  be  divided  into  three 
types:  molten  hydroxides  [8,9],  molten  carbonates  [10-12],  and 
solid  oxides  [4,13-23]  according  to  the  electrolytes  used.  Most  of 
these  approaches  have  focused  on  the  direct  electrochemical  oxi¬ 
dation  of  solid  carbon  fuel  with  no  additional  reforming  process. 
However,  the  electrochemical  reaction  of  solid  carbon  or  coal  has 
intrinsic  properties  of  a  large  activation  energy  (26  kcal  mol-1 )  and 
slow  kinetics  at  the  anode  [11,24,25].  To  overcome  these  anode 
polarizations,  the  use  of  a  solid  oxide  electrolyte  such  as  yttria- 
stabilized  zirconia  (YSZ)  has  recently  been  proposed  in  DCFCs; 
advantages  of  YSZ  include  a  relatively  higher  reaction  activity  and 
increased  fuel  flexibility  due  to  its  higher  operation  temperatures 
in  the  range  of  600-1000  °C.  In  the  case  of  simple  arrangements, 
Nakagawa  et  al.  [13]  and  Giir  et  al.  [18]  reported  that  solid  car¬ 
bon  fuels  should  be  placed  onto  the  solid  YSZ  electrolyte  in  DCFCs, 
even  though  the  main  reaction  leads  to  formation  of  CO  by  the 
reverse  Boudouard  reaction  (C  +  C02^C0).  Similarly,  for  direct 
physical  contact  between  a  solid  fuel  and  anode,  previous  studies 
have  reported  that  a  very  low  power  density  (<20mWcnrr2)  was 
observed  since  the  oxidation  of  carbon  at  the  three-phase  boundary 
(TPB)  is  limited  due  to  its  poor  contact  [21-23].  The  electrochem¬ 
ical  oxidation  of  fuels  can  only  occur  at  the  TPB,  i.e.,  the  interface 
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between  reactant  (fuel),  electrode  (electronic  conductor  and  cata¬ 
lyst),  and  electrolyte  (ionic  conductor)  materials.  In  addition,  due  to 
the  nature  of  carbon,  the  reactivity  and  fluidity  of  solid  carbon  fuels 
are  much  lower  than  those  of  gaseous  fuels,  which  have  a  dimen¬ 
sional  mismatch  and  size  incompatibility  between  carbon  particles 
and  anode  pores  at  the  TPB  [4,19,26]. 

Currently,  Ihara  et  al.  [4,14-16]  and  Li  et  al.  [23]  proposed  a 
rechargeable  direct  carbon  fuel  cell  (RDCFC)  in  which  the  car¬ 
bon  source  is  deposited  via  the  thermal  decomposition  of  gaseous 
hydrocarbon  fuels  such  as  propane  and  methane.  The  solid  fuel 
could  be  well  supplied  at  the  TPB  with  a  maximum  power  density  of 
55  mW  cm-2  at  900  °C  [  1 5  ].  Giir  et  al.  [  1 9-21  ]  integrated  a  fluidized- 
bed  DCFC  with  a  Boudouard-type  dry  gasifier  and  demonstrated  a 
maximum  power  density  of  1 70  mW  cm-2  at  850  °C. 

An  alternative  strategy  for  overcoming  the  intrinsic  difficulties 
in  applying  an  electrochemical  reaction  directly  between  solid  car¬ 
bons  and  a  solid  anode  was  developed  by  using  liquid  (molten) 
metals  such  as  Fe  [27],  Ag  [28],  and  Sn  [29-33]  as  an  anode  in  con¬ 
junction  with  a  solid  electrolyte.  CellTech  Power’s  liquid  tin  anode 
solid  oxide  fuel  cell  (LTA-SOFC)  was  shown  to  operate  on  various 
carbonaceous  fuels  without  requiring  further  fuel  reforming  or  pro¬ 
cessing.  Of  late,  the  cell  achieved  a  maximum  power  density  of 
170mWcnrr2  on  hydrogen  and  JP-8  (jet  fuel)  [33]. 

The  concept  of  a  liquid  anode  seems  to  have  considerable  merit. 
Flowever,  information  pertaining  to  the  effects  of  liquid  Sn  in  DCFCs 
on  carbon  oxidation  and  Sn/Sn02  redox  mechanisms  remains  quite 
limited.  In  this  study,  we  first  investigate  the  role  of  liquid  Sn  mixed 
in  solid  carbon  fuels  at  the  Ni-YSZ  cermet  anode  and  the  electro¬ 
chemical  oxidation  mechanism  for  solid  carbon  fuels  in  DCFCs  is 
also  discussed.  To  expand  this  investation,  additional  Ni  metal  is 
impregnated  into  Sn-carbon  fuels  and  further  improvemets  in  cell 
performance  are  then  investigated. 


Fig.  1.  Cross-sectional  SEM  image  of  an  anode-supported  button  cell. 


2.  Experimental 

In  the  DCFC  system,  anode-supported  SOFC  button  cells 
(Ceramic  Fuel  Cell  Power,  Korea)  were  used,  as  shown  in  Fig.  1.  The 
cell  consisted  of  a  porous  Ni-YSZ  anode  (850  p,m),  a  dense  8  mol  % 
YSZ  electrolyte  (30  pan),  and  a  porous  lanthanum  strontium  man- 
ganate  (LSM)  cathode  layer  (35  fxm).  The  diameter  of  the  whole  cell 
was  3  cm  and  the  active  area  corresponding  to  the  cathode  layer 
was  0.75  cm2. 

In  order  to  compare  the  differences  in  DCFC  performance, 
three  fuel  samples  were  investigated.  A  commercial  carbon  black 
(ENSACO  350G,  Timcal,  Switzerland)  with  an  average  particle  size 
of  50  nm  and  a  specific  surface  area  (BET)  of  770  m2g-1  was 
selected  as  the  primary  fuel.  As  a  secondary  fuel,  Sn  powder  (99%, 
Aldrich)  was  mixed  with  carbon  black  (Sn:C  =  1 :3  by  weight  ratio) 
to  enhance  the  electrochemical  reaction  at  the  anode  interface. 
An  additional  6wt.%  of  Ni  was  impregnated  into  the  as-prepared 
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Fig.  2.  Schematic  diagram  of  a  direct  carbon  fuel  cell  test  system. 
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Sn-mixed  carbon  fuels  to  achieve  the  third  fuel  mixture.  The  Sn- 
mixed  carbon  fuels  were  dispersed  by  the  aqueous  impregnation 
of  an  Ni(N03  )2  -6H20  (Aldrich)  solution.  All  mixtures  were  dissolved 
in  50  ml  of  deionized  water  and  stirred  for  5  h  at  50  °C  and  then  the 
samples  were  dried  at  70  °C  in  an  oven  until  obtaining  a  gel  state, 
before  being  placed  into  the  anode  as  a  cylindrical  pellet. 

A  schematic  of  the  experimental  DCFC  unit  is  composed  of  an 
alumina  ceramic  reactor  (NARA  Cell-Tech,  Korea),  a  furnace,  and 
an  electrochemical  workstation  (Scitech  Korea,  Korea),  as  shown 
in  Fig.  2.  Flere,  Pt  mesh  was  used  as  a  current  collector  and  Pt  paste 
(CL1 1-5100,  Heraeus,  US)  was  applied  between  the  electrodes  and 
Pt  mesh  to  ensure  good  contact.  The  alumina  ceramic  reactor  was 
heated  to  900  °C  at  a  rate  of  5  °C  min-1 .  During  heating,  pure  N2  gas 
was  provided  at  a  flow  rate  of  30  ml  min-1  in  order  to  remove  resid¬ 
ual  gas  in  the  anode  and  pure  02  gas  was  fed  into  the  cathode  at  a 
flow  rate  of  1 00  ml  min-1 .  Once  the  desired  operating  temperature 
of  900  °C  was  achieved,  power  generation  experiments  were  con¬ 
ducted  and  the  resulting  polarization  curves  were  measured  using 
the  electrochemical  workstation.  The  internal  resistance  of  the  cell 
was  measured  at  a  high  frequency  of  1  kFIz  using  an  AC-impedance 
meter  (3560  AC  m£2  HiTester,  Hioki,  Japan)  [34].  In  addition,  the 
surface  morphology  of  the  cell  was  analyzed  by  field  emission  scan¬ 
ning  electron  microscopy  (FE-SEM;  S-4700,  Hitachi,  Japan)  and  the 
elemental  qualitative  analysis  of  the  cell  was  carried  out  via  energy 
dispersive  X-ray  spectroscopy  (EDX;  EMAX  7200-H,  Horiba,  Eng¬ 
land)  coupled  with  FE-SEM.  The  crystallinity  and  elemental  analysis 
of  the  cell  were  investigated  using  X-ray  diffraction  (XRD;  MiniFlex 
II,  Rigaku,  Japan). 

3.  Results  and  discussion 


Fig.  3.  Theoretical  standard  potentials  (OCV)  for  possible  anode  reactions  at  various 
temperatures. 

To  investigate  the  effect  of  liquid  Sn  mixed  in  a  solid  carbon  fuel 
on  the  DCFC  performace,  the  polarization  curves  for  the  Ni-YSZ 
anode-supported  button  cells  with  Sn-free  and  Sn-carbon  fuels 
were  measured  at  900  °C,  as  presented  in  Fig.  4.  For  the  Sn-free 
fuel  (pure  carbon  black),  a  sharp  drop  in  cell  voltage  was  observed 
at  the  beginning  of  the  polarization  curves  (Fig.  4(a)).  As  expected, 
such  drop  indicates  that  the  activation  loss  is  caused  by  low  activ¬ 
ity  for  solid  carbon  and  the  slow  electron  transfer  at  the  anode 
interface.  The  cells  for  Sn-free  fuels  exhibit  a  power  density  of 
only  14  mW  cm-2 ;  this  result  is  similar  to  recent  studies  that  focus 
on  the  utilization  of  carbon  fuels  [22,23].  On  the  other  hand,  the 


In  this  DCFC  based  on  a  YSZ  electrolyte,  it  is  generally  accepted 
that  solid  carbon  fuels  at  the  TPB  react  electrochemically  with  the 
oxygen  ions  emerging  from  the  solid  electrolyte  (YSZ)  and  pro¬ 
duce  C02  and  CO  via  simultaneously  both  4-  and  2-electron  transfer 
reactions  [4,14]: 

C  +  202-^  C02+4e-  (2) 

C  +  02-^C0  +  2e-  (3) 

When  CO  is  produced  by  reaction  (3),  CO  can  be  further  electro¬ 
chemically  oxidized  to  C02  as  a  gaseous  fuel  in  the  DCFC,  as  given 
by: 

CO  +  O2-  ->■  C02  +2e“  (4) 

In  the  DCFC  with  liquid  Sn-mixed  carbon,  Sn  metal  can  be  elec¬ 
trochemically  oxidized  to  Sn02  at  the  anode: 

Sn  +  202-  -*■  Sn02  +4e“  (5) 

Fig.  3  shows  the  theoretical  standard  potentials  as  a  function 
of  temperature  for  possible  carbon  oxidations,  calculated  based  on 
thermodynamic  data  [35,36].  The  presence  of  only  Sn  powder  in  the 
DCFCs  makes  it  possible  to  operate  in  metal-air  battery  mode.  The 
theoretical  open  circuit  voltage  (OCV)  for  the  oxidation  of  carbon 
(reactions  (2)  and  (3))  and  CO  (reaction  (4))  are  higher  than  that  of 
Sn  when  fuels  are  present  in  the  anode.  Sn/Sn02  redox  reactions 
may  occur  slowly.  For  this  reason,  Ni-based  catalysts  are  generally 
used  as  anode  materials  for  SOFCs.  At  temperatures  above  750  °C, 
the  dominant  species  are  CO  in  thermal  equilibrium,  whereas  at 
lower  temperatures  main  gaseous  species  are  C02  [8,14].  Since 
the  direct  electrochemical  oxidation  of  solid  carbon  on  the  Ni-YSZ 
anode  is  thought  to  be  intrinsically  sluggish,  Sn  powder  is  intro¬ 
duced  into  carbon  particles  as  an  electrochemical  mediator  in  order 
to  promote  accessibility  of  carbon  fuels  as  well  as  oxygen  ionic 
species  from  solid  electrolyte. 
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Fig.  4.  Comparison  of  liquid  Sn-mixed  solid  carbon  fuels  on  polarization  curves  for 
(a)  Sn-free  (pure  carbon  black)  and  (b)  Sn-carbon  fuels  at  various  gas  flow  rates  at 
the  anode:  (■)  without  purging,  (•)  N2  purge  rate  of  30  ml  min-1,  and  (a)  N2  purge 
rate  of  60  ml  min-1. 
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Table  1 

Effect  of  temperature  on  OCV  and  high  frequency  resistance  (HFR). 


Temperature  (°C) 

Fuel 

Sn-free  fuel 

Sn-carbon  fuel 

OCV  (V) 

HFR  (ft  cm2) 

OCV  (V) 

HFR  (12  cm2) 

750 

0.57 

30 

0.55 

20 

800 

0.58 

20 

0.60 

18 

850 

0.62 

18 

0.63 

12 

900 

0.68 

4.8 

0.71 

3.5 

cells  with  Sn-mixed  carbon  fuel  show  significant  improvements 
in  performance  and  maximum  power  densities  of  60.5  mW  cm-2 
are  achieved.  This  result  provides  about  4  times  higher  power  per¬ 
formance  compared  to  that  of  the  Sn-free  fuel.  Such  enhancement 
of  the  DCFC  performance  indicates  that  the  transfer  of  solid  carbon 
particles  and  the  kinetics  of  the  electrochemical  oxidation  of  carbon 
are  facilitated  by  providing  a  better  contact  at  the  anode.  In  addi- 
ton,  increasing  the  anode  gas  flow  rate  for  N2  decreases  the  DCFC 
performance.  When  the  anode  is  purged  with  N2  gas,  the  partial 
pressure  of  the  by-product  CO  (reaction  (3))  might  decrease  due  to 
the  short  residence  time  of  the  gases,  possibly  leading  to  inhibition 
of  the  CO  oxidation  reaction  (reaction  (4));  Li  et  al.  [23]  reported 
similar  results  in  DCFC  experiments  by  increasing  the  Ar  gas  flow 
rate. 

The  influence  of  temperature  on  the  OCV  and  the  internal  resis¬ 
tance  of  the  cell  were  then  investigated  by  measuring  a  high 
frequency  resistance,  as  shown  in  Table  1.  The  measured  OCV 
increases  with  an  increase  of  operating  temperature  and  the  cell 
resistance  decreases  significantly.  In  general,  for  high  ionic  con¬ 
ductivity  in  solid  electrolytes  of  SOFCs  such  as  YSZ,  the  operating 
temperature  must  be  greater  than  at  least  700  °C  [26].  The  contact 
resistance  of  both  cases,  however,  is  much  higher  than  the  value 
predicted  on  the  basis  of  electrolyte  thickness,  even  though  the  cell 


temperature  reaches  900  °C.  In  addition,  there  is  also  a  wide  dif¬ 
ference  between  the  theoretical  and  experimental  values  in  OCV. 
Nevertheless,  a  higher  OCV  and  lower  contact  resistance  can  be 
obtained  with  Sn-carbon  fuel  in  this  study.  At  higher  temperatures, 
Sn  is  turned  into  liquid  state  due  to  its  low  melting  point  of  232  °C. 
As  such,  the  porous  anode  layer  will  be  effectively  linked  with  liq¬ 
uid  Sn,  which  could  enhance  the  physicochemical  contact  between 
fuel-to-anode  and  anode-to-current  collector. 

Fig.  5  shows  the  XRD  patterns  of  the  Ni-YSZ  anode  for  the 
as-prepared  and  after-tested  cells.  Various  crystalline  diffraction 
peaks  corresponding  to  Ni  (1 1 1),  Ni  (2  0  0),  and  NiO  (111)  are 
observed,  and  the  intensity  of  their  diffraction  peaks  is  relatively 
increased  after  DCFC  operation.  In  particular,  in  the  tested  anode 
with  Sn-carbon  fuels  (Fig.  5(c)),  the  polycrystalline  intensity  peaks 
corresponding  to  Sn02  (1 1  0)  at  26.61°,  (1  0 1)  at  33.89°,  and  (2  1 1) 
at  51 .78°  are  observed.  Sn  is  thought  to  be  slightly  consumed  by  the 
electrochemical  oxidation  reaction  (reaction  (5)).  Thus,  the  peaks 
can  be  assigned  to  the  oxide  formation  of  Sn.  Fig.  5(d)-(f)  presents 
an  photograph,  SEM  image,  and  EDX  data  of  the  Ni-YSZ  anode  after 
I-V  test  with  Sn-carbon  fuels.  A  slight  Sn02  layer  (white  color) 
formed  on  the  anode  and  the  EDX  data  confirmed  the  presence 
of  Sn-mixed  carbon  fuels  capable  of  penetrating  more  deeply  into 
Ni-YSZ  anode  layer  due  to  formation  of  the  liquid  Sn  state. 

Long  term  stability  of  the  Ni  catalyst  is  governed  by  its  ability 
to  selectively  oxidize  carbon  while  preventing  the  rapid  growth 
of  carbon  deposits  which  poison  the  catalyst.  Nikolla  et  al.  [37,38] 
reported  that  Sn-Ni  alloys  have  a  higher  propensity  to  oxidize  car¬ 
bon  and  are  much  more  carbon-tolerant  than  pure  Ni.  Fig.  6  shows 
the  polarization  curves  of  the  DCFCs  at  900  °C  obtained  while  intro¬ 
ducing  CO  gas,  in  which  maximum  power  densities  are  20  and 
200  mW  cm-2  for  Sn-free  and  Sn-carbon  fuels,  respectively.  There¬ 
fore,  it  is  fair  to  say  that  Sn  in  the  mixed  fuels  with  Ni-YSZ  anode  also 
plays  an  important  role  in  controlling  Ni  surface,  thereby  mitigating 
poisonous  carbon  deposit  formation.  In  addition,  such  a  dramatic 


Fig.  5.  Comparison  of  XRD  patterns  of  Ni-YSZ  anodes:  (a)  as-prepared  anode  and  after-tested  anode  (b)  with  Sn-free  and  (c)  Sn-carbon  fuels,  (d)  Photo  image  of  MEA  surface, 
(e)  cross-sectional  SEM  image,  and  (f)  X-ray  elemental  color  map  with  EDX  analysis  of  after-tested  anode  with  Sn-carbon  fuels  (Ni  is  green,  Sn  is  red,  carbon  is  blue,  and 
other  elements  are  black).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 
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Fig.  6.  Effect  of  activity  for  CO  gas  (30  ml  min-1 )  oxidation  in  anode  fuels  on  polar¬ 
ization  curves  for  (■)  Sn-free  and  (•)  Sn-carbon  fuels. 

increase  in  cell  performance  is  partially  attributed  to  the  fact  that 
a  liquid  Sn  anode  provides  good  catalytic  activity  for  CO  as  well  as 
carbonaceous  fuel  oxidation  [30,31]. 

Furthermore,  transition  metals  loaded  onto  the  carbon  fuels 
have  been  known  to  show  several  times  higher  performance  than 
those  using  only  solid  carbon  fuels  [39,40].  In  particular,  an  obvi¬ 
ous  implication  of  the  above  results  is  that  adding  Ni  metal  to 
Sn-carbon  mixtures  will  promote  the  chemical  as  well  as  electro¬ 
chemical  oxidation  reaction.  Fig.  7  shows  the  polarization  curves  for 


Fig.  7.  Effect  of  an  additional  Ni  catalyst-impregnated  Sn-carbon  fuels  on  polariza¬ 
tion  curves  at  various  gas  flow  rates  at  the  anode:  (■)  without  purging,  (•)  N2  purge 
rate  of  30  ml  min-1,  and  (a)  N2  purge  rate  of  60  ml  min-1. 


DCFCs  with  the  Ni-impregnated  Sn-carbon  fuel  at  900  °C.  The  addi¬ 
tion  of  Ni  metal  enables  us  to  increase  in  the  cell  performance  from 
80  to  105  mW  cm-2  under  N2  purging.  The  most  probable  scenario 
could  be  that  Ni  (or  Ni  oxide)  in  the  Sn-carbon  mixtures  enhance 
the  chemical  oxidation  of  C  toward  CO  and  then  Ni-YSZ  anode  with 
Sn  could  also  accelerate  the  electrochemical  oxidation  of  CO  to  C02 
(reactions  (4)). 
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Fig.  8.  Schematic  representation  showing  Ni-YSZ  anode  in  DCFCs.  Electrochemical  oxidation  of  solid  fuels  can  occur  at  the  TPB  with  oxygen  ions  emerging  from  the  solid 
electrolyte  and  to  produce  CO2  and  CO.  (a)  Typical  Ni-YSZ  anode  and  (b)  enhanced  liquid  Sn  anode  interface. 
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Finally,  we  summarize  the  role  of  liquid  Sn  in  mixed  fuels.  A 
schematic  illustration  of  the  plausible  mechanism  is  also  presented 
in  Fig.  8.  First  of  all,  Sn  in  the  mixed  fuels  can  convey  carbon  fuels 
into  certain  depth  of  Ni-YSZ  anode  layer,  thereby  not  only  increas¬ 
ing  the  surface  area  between  two  solid  phases  but  also  shortening 
the  pathway  of  ionic  species  to  reaction  sites.  Sn  is  also  capable 
of  promoting  electrochemical  oxidation  of  carbon  and/or  carbon 
monoxide  by  alleviating  carbon  deposit  formation  on  the  Ni  cata¬ 
lyst  surface.  Lastly,  Sn  metal  can  be  electrochemically  oxidized  to 
Sn02  at  the  anode,  according  to  Eq.  (5). 

4.  Conclusion 

A  DCFC  system  was  successfully  developed  by  applying  Sn  pow¬ 
der  mixed  with  carbon  black.  The  Sn  in  the  mixed  carbon  fuels  plays 
major  roles  in  (i)  building  a  favorable  bridge  between  the  solid  fuel- 
to-solid  anode  and  (ii)  facilitating  the  electrochemical  oxidation  of 
carbon  to  CO  and  C02.  Moreover,  an  additional  loading  of  Ni  in  the 
Sn-carbon  fuels,  further  improvement  of  the  DCFC  can  be  achieved 
by  improving  the  chemical  oxidation  of  carbon  for  producing  CO 
which  can  be  readily  converted  to  C02  electrochemically.  Finally, 
it  is  anticipated  that  future  research  will  be  more  focused  on  the 
long-term  durability  by  optimizing  the  catalytic  activity  of  electro¬ 
chemical  mediators  as  well  as  auxiliary  catalysts  in  carbon  fuels 
with  Ni-YSZ  anode.  Furthermore,  a  novel  concept  for  a  continuous 
fuel  supply  is  quite  necessary  to  realize  a  practical  fuel  cell  system. 
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